In Brief
Liu et al. show that during olfactory steering, two different cholinergic signals representing the motor state and the sensory response integrate in a C. elegans interneuron to decode the spatial information of the odorant and steer the locomotory trajectory.
INTRODUCTION
Cue-guided movements are essential for animals to locate food, find a mate, or catch prey, during which the sensory response and the motor state often regulate each other. The movement generated by an animal can shape the spatial and the temporal pattern of the sensory response, which is processed to modulate the ongoing movement. For example, when a honeybee executes a smooth landing toward food, the angular speed of the retinal image of the ground depends on the flying speeds in the forward and the descending directions. To avoid colliding with the ground, the flying speeds in both directions are adjusted to keep the angular speed of the ground image constant (Srinivasan, 2011) . Similarly, when searching for prey a weakly electrical fish swims with a body pitch angle that optimizes the volume of the water sampled, but when catching the prey the fish reduces the swimming pitch angle to minimize the sensory noise resulting from its own movements (MacIver et al., 2001; von der Emde et al., 2008) . Thus, the continuous interaction between sensory system and motor system allows the nervous system to effectively sample the relevant sensory information from the environment and to regulate the behavioral output in order to reach the goal defined by the sensory system. Furthermore, sensorimotor integration also plays important roles in signal processing in the central nervous system. For example, mammals often use sniffing to detect an odorant or distinguish between different odorants. The rhythmic inhalation and exhalation of the air flow generated by sniffing produces an oscillation in the concentration of the odorant sampled by the nose (Karpov, 1980; Laing, 1986; Welker, 1964) , which is temporally coupled to the sensory response of olfactory processing neurons, providing a potential mechanism for encoding the identity and concentration of the odorants (Kepecs et al., 2006) .
While these previous studies demonstrate the reciprocal modulation of sensory input and behavioral output during sensorimotor integration, the underlying molecular and cellular mechanisms are largely unknown. In the mammalian central nervous system, cholinergic neurotransmission has been implicated in sensorimotor integration. The cholinergic neurons in the basal forebrain regulate various cognitive functions and integrate sensory processing with the internal state, such as arousal or attention (Ballinger et al., 2016; Hasselmo and Sarter, 2011) . The basal forebrain cholinergic neurons project into diverse brain regions, including the visual and auditory cortices, as well as the hippocampus and the amygdala (Ballinger et al., 2016 and the references therein). The cholinergic terminals in the sensory cortices can transmit signals that are associated with the motor state (Eggermann et al., 2014; Fu et al., 2014; Lee et al., 2014; Nelson and Mooney, 2016) . For example, the activity of the basal forebrain-derived cholinergic axons in the auditory cortex can be related to the ongoing movements, including a rhythmic explorative movement whisking, and modulates the auditory sensory responses (Nelson and Mooney, 2016) . Meanwhile, the basal forebrain cholinergic terminals in the prefrontal cortex can respond to sensory cues (Howe et al., 2013; Parikh et al., 2007) . These findings reveal the function of cholinergic neurotransmission in representing various sensory and motor signals.
Here, we use Caenorhabditis elegans to characterize the molecular, neuronal, and circuit mechanisms of sensorimotor integration during a goal-directed locomotory task, olfactory steering. C. elegans moves on a solid substrate by generating a dorsal-ventral sinusoidal body wave that propagates along the body (Wen et al., 2012) . C. elegans performs chemotaxis toward attractive odorants and salts by regulating the frequency of reversals and turns or by generating a gradually curved steering trajectory toward the attractants, such as the odorant isoamyl alcohol (IAA) (Albrecht and Bargmann, 2011; Bargmann et al., 1993; Bargmann and Horvitz, 1991; Iino and Yoshida, 2009; Pierce-Shimomura et al., 1999) . When steering toward IAA, the oscillatory dorsal-ventral head undulations allow AWC, the head chemosensory neuron that detects IAA (Bargmann et al., 1993; White et al., 1986) , to sample the IAA concentration within the space of head swings. This sampling movement shapes the concentration of IAA detected by AWC into cycles of rise and fall that oscillate at the speed of the head undulations. Meanwhile, AWC generates in-phase responses to IAA pulses that oscillate as rapidly as the head swings (Kato et al., 2014) . While the rapid temporal dynamics of the AWC response are important for steering toward IAA, how the oscillatory sensory input integrates with the motor state of the head undulations to modulate steering is not understood. In addition, the worm can steer toward IAA that is spatially located either on the ventral or the dorsal side of its body. How the spatial information of the odorant is processed to modulate the direction of steering toward the cue has not been addressed.
Here, we show that C. elegans integrates the information of its own motor state, the dorsal versus the ventral head undulation, with the sensory response to the oscillatory odorant concentrations in the central neural circuit to regulate sensorimotor decisions that direct the steering movements toward the attractive odorant IAA. We find that signaling through a conserved muscarinic cholinergic receptor and an acetylcholine-gated chloride channel represents the motor information and the sensory information, respectively, to generate sensorimotor integration in the axon of an interneuron through an inhibitory interaction. The sensorimotor integration produces an asymmetry in the activities of the two axonal domains of the interneuron and the asymmetric synaptic outputs of the axonal domains bias the locomotory trajectory. Furthermore, we show that experience modulates the sensorimotor integration to generate odorant-specific changes in the steering movements.
RESULTS
The Interneuron RIA Regulates Olfactory Steering C. elegans moves forward on a surface by generating a sinusoidal body wave on the dorsal-ventral plane (Wen et al., 2012) . We recorded individual worms that steered toward IAA using a camera with a high pixel density (STAR Methods). First, we quantified the curving angle, which was the change of the locomotory direction during the steering (Iino and Yoshida, 2009; Izquierdo and Lockery, 2010; Kato et al., 2014 ; Figure S1A ). We measured the curving angle generated over each half head undulation, when an animal swung its head between the most ventral positon and the most dorsal position. We examined the curving angle and the bearing angle, which was the direction of the locomotory trajectory relative to the direction of the odorant ( Figure S1A ). Consistent with previous studies, we found that the curving angle formed a sinusoidal curve when the bearing angle ranged from 0 to 180 . The curving angle displayed the largest value when the bearing angle was around 90 , indicating that the largest steering toward IAA occurs when the locomotory direction is around perpendicular to the direction of the odorant ( Figure S1B) .
Next, to quantify the efficiency of olfactory steering, we used the navigation index, which was defined as the radial speed toward the end point of the steering on the edge of the IAA drop (V r ) divided by the traveling speed along the steering trajectory (V t ) (Luo et al., 2014) . The most or the least efficient steering occurs when a worm travels directly toward or away from IAA, respectively ( Figure 1A ). We tested a series of IAA concentrations and found that the navigation index fell significantly when the IAA concentration decreased ( Figure 1B) . Consistently, the total distance that a worm traveled during steering significantly increased with the lower concentrations of IAA ( Figure 1C ). We also found that the navigation index decreased significantly when the distance between the starting point of the worm and the position of the IAA drop increased ( Figure S1C ). These results indicate that the efficiency of olfactory steering depends on the concentration of the odorant.
We then characterized olfactory steering by examining the interneuron RIA, which is synaptically connected with the olfactory sensory circuit and the motor circuit (Hendricks et al., 2012; White et al., 1986;  Figure 1D ). Using transgenic animals that selectively expressed the tetanus toxin (Schiavo et al., 1992) in RIA with a cell-specific promoter glr-3 (Brockie et al., 2001 ) to block its synaptic release (RIA::TeTx), we found that the transgenic animals displayed a significantly smaller navigation index ( Figure 1E ) and traveled a longer distance before reaching IAA ( Figure 1F ) in comparison with wild-type. Meanwhile, the average duration of one head undulation was not altered by expressing the tetanus toxin in RIA ( Figure 1G ). Together, these results demonstrate that the interneuron RIA is involved in olfactory steering.
The Sensory Response of RIA Displays the Dynamics of Head Undulations RIA has a single unbranched axon. The loop-shaped proximal axonal region contains the postsynaptic sites that receive information from several sensory neurons and upper-layer interneurons. The ring-shaped distal axonal region contains the ventral (nrV) and the dorsal (nrD) domains that synaptically and reciprocally connect with the dorsal and the ventral pair of the SMD head motor neurons, SMDD and SMDV (White et al., 1986 ; Figure 1D ). The activity of SMDD and SMDV correlates with the dorsal and the ventral head bending, respectively, and regulates the amplitude of the dorsal-ventral head undulations during sinusoidal movements (Gray et al., 2005; Hendricks et al., 2012; Kato et al., 2015; Nguyen et al., 2016; Shen et al., 2016; Venkatachalam et al., 2016) . Using intracellular calcium imaging with a microfluidic chip, which confines a worm in a channel with the head freely bending in the dorsal-ventral direction in a fluidic stream , previous studies show that the activities of the nrV and the nrD axonal domains of RIA correlate with the ventral and the dorsal head bendings, respectively, and that the motor-encoding activity depends on the synaptic outputs of the SMD motor neurons. Meanwhile, stimulating the worm with IAA evokes synchronous calcium responses in the loop, the nrV and the nrD domains of RIA (Hendricks et al., 2012; Jin et al., 2016) . These findings show that RIA generates compartmentalized axonal activity to encode the motor state of head bending and synchronous activity to represent sensory information, suggesting a potential function of RIA in sensorimotor integration (Hendricks et al., 2012; Hendricks and Zhang, 2013) . We hypothesize that RIA integrates the sensory response and the motor state to steer the undulatory movements toward the attractive odorant.
When steering toward IAA, the head of a worm undulates in the dorsal-ventral direction, which results in an oscillation in the IAA concentration sampled by the head sensory neuron AWC (Izquierdo and Lockery, 2010; Kato et al., 2014) . If RIA integrates the sensory response with the state of head undulations to regulate steering, we predict that RIA is able to respond to an oscillatory olfactory input that has a temporal pattern of the head undulations. To probe the dynamics of the sensory response in RIA, we stimulated the transgenic animals that expressed GCaMP3 in RIA with 1 s on and 1 s off pulses of IAA in a microfluidic chip. We used the IAA pulses at 0.5 Hz because the frequency of the head undulations during the steering was about 0.5 Hz under the experimental conditions (STAR Methods; Figure 1G ). Although a worm in the microfluidic chip bends its head with less regular durations and intervals than a freely moving worm (Figure 2A ), using the chip allows us to deliver the olfactory cue with a defined frequency, which facilitates the identification of the sensory response of RIA. We found that the GCaMP signals of nrV and nrD displayed two temporal patterns ( Figure 2A ; Movie S1). One correlated with the head bendings in the ventral-dorsal direction ( Figure 2B ), consistent (D) Schematics showing the sensory and motor circuits that anatomically converge on the axon of RIA. Arrows denote synapses (White et al., 1986) ; the RIA soma, nrV, nrD, and loop axonal domains are highlighted with colors; and the synaptic outputs of nrV and nrD are highlighted with blue and red, respectively. The characterized neurotransmitters in the circuits are shown. Glu, glutamate; Ach, acetylcholine. (E and F) Selectively blocking the synaptic release of RIA by expressing the tetanus toxin (TeTx) reduces the navigation index (E) and increases the total traveling distance (F) when steering toward IAA (9.2 3 10 À3 M). n = 47 wild-type, n = 53 RIA::Tetx transgenic animals, Student's t test.
(G) Expressing the tetanus toxin in RIA does not alter the average duration of one head undulation. n = 16 wild-type, n = 22 RIA::TeTx transgenic animals, Student's t test. ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR (interquartile range) away from the first or the third quartile; dots are outliers. See also Figure S1 . with previous findings (Hendricks et al., 2012) . The second was a rapid wave of activity that was phase-locked with the IAA pulses and temporally synchronous between nrV and nrD ( Figure 2A ). Both nrV and nrD domains responded to the onset and the removal of IAA with decreased and increased GCaMP signals, respectively ( Figure 2A ). In the later part of the recording, the worm in Figure 2A did not bend its head. We used the Fourier transform to analyze the temporal patterns of the GCaMP signals. The analysis identified a peak at the frequency of 0.5 Hz, which was the frequency of the IAA pulses, in the signals of nrV and nrD ( Figure 2C ). The GCaMP signal in the loop domain that contained the postsynaptic sites of the sensory pathway responded to the IAA pulses with the same frequency and direction ( Figures 2D and S2A ). Meanwhile, because the head bending occurred with variable rates and durations in the chip, the Fourier transform did not identify a peak correlated with head bending ( Figure 2C ). In the absence of the IAA stimulation, the GCaMP signals of nrV or nrD produced no detectable peak at 0.5 Hz when analyzed with the Fourier transform ( Figure S2B ). These results demonstrate that the RIA axonal domains generate the sensory-evoked synchronous activity as rapidly as the head undulates during olfactory steering. Next, we sought the sensory circuit underlying the IAA-evoked synchronous GCaMP signals in RIA. Previous studies show that the AWC sensory neuron generates in-phase responses to IAA pulses (Kato et al., 2014) . AWC uses glutamate to transmit olfactory responses to the downstream circuit (Chalasani et al., 2007) . We found that a deletion mutation in eat-4, which encoded a vesicular glutamate transporter (Lee et al., 2008) , abolished the synchronous response of RIA to the 0.5 Hz IAA pulses ( Figure 2E ). Killing AWC by selectively expressing a cell-death-promoting caspase in AWC (Beverly et al., 2011) strongly reduced the amplitude of the 0.5 Hz peak in the Fourier transform of the sensory response of nrV and nrD ( Figure 2E ). Thus, AWC and the glutamatergic neurotransmission mediate the rapid synchronous sensory response of RIA. AWC transmits olfactory responses to the postsynaptic interneurons AIY and AIB (Chalasani et al., 2007) , which synaptically connect with the loop domain of the RIA axon (White et al., 1986) . Using intracellular calcium imaging (STAR Methods), we found that when stimulated with 0.5 Hz pulses of IAA, AIY generated an increased calcium signal in response to the onset of IAA and that, similar to the sensory response in RIA, the calcium signal in AIY was phase-locked with the IAA pulses ( Figure 2F ; Movie S2) and the Fourier transform of the AIY calcium signals produced a strong peak at 0.5 Hz ( Figure 2G ). Although the worms bent the head irregularly in the chip, the sensory response of AIY was robust. In contrast, the interneuron AIB did not generate an oscillatory response to 0.5 Hz pulses of IAA (Figures 2F and 2G) , consistent with a slower temporal property of the AIB activity (Gordus et al., 2015) . Blocking the synaptic neurotransmission from AIY by selectively expressing the tetanus toxin in AIY with a ttx-3 promoter (Hobert et al., 1997) disrupted the synchronous response of RIA to the IAA pulses ( Figure 2H ). A mutation in ttx-3, which encoded a LIM homeodomain-containing transcription factor required for the development and function of AIY (Hobert et al., 1997) , similarly reduced the responses of RIA to the IAA pulses ( Figure 2H ). These results identify the sensory neuron AWC and the first-layer interneuron AIY as a main circuit for the synchronous sensory response of RIA and indicate that similar to AWC, both AIY and RIA respond to oscillatory olfactory simulation with a temporal pattern that matches the dynamics of the head undulations during steering movements.
Cholinergic Neurotransmission Regulates the SensoryEvoked and the Motor-Encoding Activities of RIA To understand how the RIA axonal domains simultaneously generate the sensory-evoked and the motor-encoding activities, we sought the underlying neurotransmissions. We first examined a loss-of-function mutation, gk305, in gar-3, which encoded a G protein-coupled muscarinic acetylcholine receptor (Park et al., 2003) . Previous studies show that GAR-3 acts in RIA to generate the compartmentalized RIA axonal activity that encodes head bendings. In the gar-3(gk305) mutant animals, RIA no longer exhibits the head bending-correlated activity and the activities of the nrV and the nrD axonal domains become synchronous (Hendricks et al., 2012) . We stimulated the gar-3(gk305) mutant animals with 0.5 Hz pulses of IAA in a microfluidic chip and quantified the sensory-evoked synchronous GCaMP signals in nrV and nrD. As previously demonstrated, the RIA axonal domains in the gar-3 mutant animals lost the motor-encoding activities ( Figure 3A ), which was indicated by the loss of the correlation between the intensity of the axonal GCaMP signals and the amplitude of the head bendings ( Figures 3B and S3A ). However, the RIA axonal domains in the gar-3 animals continued to generate the synchronous response to the IAA pulses that was phase-locked with the temporal pattern of the IAA stimulation ( Figure 3A ). The amplitudes of the 0.5 Hz peaks identified by the Fourier transform of the GCaMP signals of nrV and nrD were comparable in wild-type, the gar-3 mutant animals, and (E) Genetic ablation of AWC neuron (AWC::Caspase, n = 12 animals) or mutating eat-4 (n = 8 animals) significantly reduces the amplitudes of the 0.5 Hz peak identified by the Fourier transform of the nrV and the nrD GCaMP3 signals in RIA in comparison with wild-type (n = 12 animals). One-way ANOVA; the boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. (H) Mutating ttx-3 (n = 11 animals) or blocking the synaptic release from AIY (AIY::TeTx, n = 11 animals) significantly reduces the amplitude of the 0.5 Hz peak identified by the Fourier transform of the GCaMP3 signals of nrV and nrD evoked by 0.5 Hz IAA pulses in comparison with wild-type (n = 15 animals). One-way ANOVA; the boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. ***p < 0.001, **p < 0.01, *p < 0.05. See also Figure S2 and Movies S1 and S2.
the transgenic animals that expressed a wild-type gar-3 cDNA in RIA in the gar-3 mutant background ( Figure 3C ). Thus, the muscarinic cholinergic neurotransmission mediates the motorencoding activity of RIA axonal domains, and the two activity patterns in RIA are encoded by different signaling mechanisms. Next, we sought the signaling that encoded the sensoryevoked synchronous activity. While both RIA and a major presynaptic interneuron, AIY, generate an in-phase response to the 0.5 Hz IAA pulses, AIY responds to the onset of IAA with increased calcium transients and RIA responds to the onset of IAA with decreased calcium transients (Figures 2A and 2F) . AIY is cholinergic (Alfonso et al., 1993; Pereira et al., 2015) . Thus, we sought the inhibitory cholinergic neurotransmission from AIY to RIA. The C. elegans genome encodes four putative acetylcholine-gated anion channels and among them only acc-2 is expressed in RIA (Pereira et al., 2015) . Previous studies show that ACC-2 functions as an acetylcholine-gated chloride channel (Putrenko et al., 2005) . We found that a deletion mutation in acc-2, ok2216, disrupted the IAA-evoked synchronous response of RIA ( Figure 3D ), indicated by the significantly reduced amplitude of the 0.5 Hz peak identified by the Fourier transform of the GCaMP signals of nrV and nrD ( Figure 3E ). The defect was completely rescued by selectively expressing a wild-type cDNA of acc-2 in RIA ( Figure 3E ). Meanwhile, the correlations between the head bendings and the GCaMP signals of nrV and nrD were not altered by the acc-2 mutation ( Figures 3F and S3B ).
Together, these results demonstrate that the chloride-mediated cholinergic neurotransmission regulates the sensory-evoked synchronous response in the RIA axonal domains.
The Sensory-Evoked Synchronous Activity Suppresses the Motor-Encoding Activity of RIA Next, we characterized the integration of the sensory-evoked synchronous activity and the motor-encoding compartmentalized (E) When stimulated with 0.5 Hz pulses of IAA, mutating acc-2 (n = 14 animals) significantly decreases the amplitude of the 0.5 Hz peak identified by the Fourier transform of the nrV and the nrD GCaMP5 signals compared with wild-type (n = 14 animals), and the defect was rescued by expressing a wild-type acc-2 cDNA in RIA (n = 11 animals).
(F) The acc-2 mutation (n = 7 animals) does not alter the peak correlations between the nrV and the nrD GCaMP5 signals with the head bendings in comparison with wild-type (n = 8 animals) when stimulated with 0.5 Hz pulses of IAA. Student's t test (B and F); one-way ANOVA (C and E). ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. See also Figure S3 .
activity that were simultaneously present and independently encoded in RIA. We first analyzed the intensity of the motor-encoding activity and the amplitude of head bendings in the absence of olfactory stimulation in a microfluidic chip. We defined the ventral direction as positive and performed linear regression analysis between the intensity of the axonal GCaMP signals and the head bending amplitude ( Figures 4A and 4B ). We found that compared with the linear fit of the nrV GCaMP signals and the dorsal head bending amplitudes, the linear fit of the nrV GCaMP signals and the ventral bending amplitudes generated a steeper linear fit slope and a bigger coefficient of determination R 2 ( Figures 4C-4E) ;
conversely, compared with the linear fit of the nrD GCaMP signals and the ventral bending amplitudes, the linear fit of the nrD GCaMP signals and the dorsal bending amplitudes generated a steeper linear fit slope and a bigger coefficient of determination R 2 ( Figures 4F-4H ). These results indicate that the GCaMP signals of nrV and nrD encode the amplitudes of the ventral and the dorsal head bendings, respectively. Next, we stimulated the animals Student's t test. ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. F base is the mean intensity of the axonal signals in a few frames of low-activity state; DF indicates F À F base .
with 0.5 Hz pulses of IAA or buffer. We found that compared with the buffer control, the stimulation of the IAA pulses significantly decreased the slope for the linear fit of the nrV GCaMP signals and the ventral bending amplitudes and the slope for the linear fit of the nrD GCaMP signals and the dorsal bending amplitudes without significantly altering the coefficients of determination (Figures 4I-4L ). These results indicate that the sensory-evoked axonal activity of RIA suppresses the motor-encoding activity of the same axonal domains. The suppression underlies the sensorimotor integration in RIA.
The microfluidic chip allowed us to precisely control the temporal pattern of the sensory stimulation to aid the characterization of the interaction of the sensory-evoked and the motorencoding activities in RIA. Next, we recorded the GCaMP signals in RIA in freely moving animals to investigate the function of RIA sensorimotor integration in olfactory steering (STAR Methods). We quantified the GCaMP signals in the nrV and the nrD domains of RIA, as well as the direction and the amplitude of the head undulation in each movie frame. We defined the ventral direction of head undulations as the positive direction and performed cross-correlation analysis. We found that in animals that freely moved on the surface of a standard agar plate, the GCaMP signals of nrV and nrD correlated with the amplitude of the ventral and the dorsal head undulations, respectively (Figures 5A and 5B; Movie S3). To control potential motion effects, we performed the same imaging experiments with transgenic animals that expressed both GGaMP3 and mCherry in RIA and used the signal of mCherry to normalize the signal of GCaMP3 and reached the same conclusion ( Figure 5C ). We also preformed similar analysis on transgenic animals that selectively expressed GFP in RIA and did not detect any correlation between the GFP signal in either nrV or nrD with head undulations (Figure 5D ). These results demonstrate in freely moving animals that the activity of nrV or nrD encodes the motor state of the ventral or the dorsal head undulations, respectively.
Next, we characterized the sensorimotor integration of RIA during olfactory steering. We recorded the GCaMP signal of RIA in animals that first freely moved on a standard agar plate for 1-2 min and then, after a drop of IAA was added to the plate, performed steering toward IAA ( Figure 5E ; STAR Methods). We quantified the GCaMP signals of nrV and nrD during each head undulation to obtain the mean values for all the head undulations in the absence of IAA and that in the presence of IAA. We compared the average GCaMP signals from multiple worms in the absence of IAA with that during steering toward IAA. We found that nrV and nrD displayed significantly lower activity during steering toward IAA than during sinusoidal movements in the absence of IAA ( Figure 5F ). This difference was abolished by the deletion mutation in the eat-4(ky5) mutant animals ( Figure 5G ). eat-4 is required for the glutamatergic neurotransmission underlying the olfactory response to IAA (Chalasani et al., 2007) . eat-4 is needed for RIA to generate oscillatory sensory responses to IAA pulses ( Figure 2E ). Our results indicate that the sensory response in RIA suppresses the motor activity that encodes the head undulations when the worm steers toward IAA.
Next, we addressed the mechanisms underlying the sensorimotor integration in RIA during olfactory steering by examining the function of GAR-3 and ACC-2. First, we found that the RIA axonal GCaMP signals in the gar-3(gk305) mutant animals lost the correlation with the head undulations in freely moving animals regardless of the presence of the odorant ( Figure 5H) . However, the presence of IAA continued to suppress the activities of nrV and nrD in gar-3(gk305) ( Figure 5H ). The defect in gar-3(gk305) was rescued by selectively expressing a wild-type gar-3 gene in RIA ( Figure 5I ). In contrast, the acc-2(ok2216) mutation completely abolished the suppressive effect of IAA on the activities of nrV and nrD during steering toward IAA ( Figure 5J ). Expressing a wild-type acc-2 cDNA selectively in RIA rescued the defect in the acc-2(ok2216) animals ( Figure 5K ). These results indicate that during olfactory steering, the interaction between the gar-3-mediated motor-encoding activity and the acc-2-mediated sensory-encoding activity allows the activity of the RIA axonal domains to simultaneously represent the information of the head undulations and the odorant.
RIA Sensorimotor Integration Decodes the Spatial Information of the Odorant during Steering
Next, we asked how the sensorimotor integration in RIA regulates olfactory steering. Because the worms were able to steer toward IAA with either the ventral or the dorsal side of their bodies closer to the odorant, we asked how the worms decoded the information of the odorant location to regulate steering toward the odorant. We analyzed the activity of the nrV and the nrD RIA axonal domains in animals that steered toward the IAA drop that was located either on the ventral or the dorsal side of their bodies ( Figure 6A ). We found that when IAA was on the ventral side of the animal, the GCaMP signal of nrV was significantly weaker than that of nrD; conversely, when IAA was on the dorsal side of the animal, the GCaMP signal of nrD was significantly weaker than that of nrV ( Figure 6B ). When steering toward a ventrally located IAA source, a worm samples higher concentrations of IAA during the ventral head undulations than during the dorsal head undulations. Because the ventral head undulations are the active states of nrV and the inactive states of nrD (Figures 5A and 5B), the ventrally located IAA source generates a stronger suppression of nrV activity than nrD activity ( Figure 6B ). Conversely, when steering toward a dorsally located IAA source, a worm samples higher IAA concentrations during the dorsal head undulations than during the ventral head undulations. Because the dorsal head undulations are the active states of nrD and the inactive states of nrV ( Figures 5A and 5B), the dorsally located IAA source generates a stronger sensory-evoked suppression of nrD activity than nrV activity ( Figure 6B ). As a result, sensorimotor integration in RIA produces an asymmetry between the activity of nrV and the activity of nrD during steering toward IAA. The asymmetry between the RIA axonal activities was completely abolished by the mutation ky5 in eat-4 ( Figure 6C ), which was required for the sensory-evoked synchronous response in RIA ( Figure 2E ). These results indicate that the integration of the activity that represents the head undulations with the activity that represents the sensory response to the odorant in the RIA axonal domains transforms the spatial information of the odorant into the asymmetry between the activities of the nrV and the nrD domains.
The Asymmetry in the RIA Axonal Activities Curves the Locomotory Trajectory To characterize how the asymmetry in the RIA axonal activities, measured by the intensity of GCaMP signals, regulates steering, we examined the behavioral effect of the synaptic release of the RIA axonal domains, because intracellular calcium stimulates synaptic release (S€ udhof, 2013) . The nrV and the nrD axonal domains of RIA send synapses to a group of head motor neurons, including the SMD motor neurons that innervate the dorsal and the ventral head muscles and control the amplitude of the dorsal-ventral head undulations during sinusoidal movements (Gray et (B) The GCaMP3 signal of nrV is significantly weaker than that of nrD when animals steer toward IAA located on the ventral side of the animals (n = 18 animals), and the GCaMP3 signal of nrD is significantly weaker than that of nrV when animals steer toward IAA located on the dorsal side (n = 15 animals).
(C) The mutation in eat-4(ky5) abolishes the asymmetry between the RIA axonal GCaMP3 signals during steering toward IAA regardless of the location of IAA. n = 11 animals each condition.
(legend continued on next page)
We generated a chimeric protein by fusing the vesicle-associated membrane protein synaptobrevin 2/VAMP2 with an isoform of miniSOG. When illuminated with a blue light, miniSOG generates a singlet reactive oxygen species that inactivates proteins in the proximity (Shu et al., 2011) . Expressing VAMP2-miniSOG in the mammalian or the C. elegans neurons inhibits synaptic release by disrupting the function of synaptic vesicles (Lin et al., 2013) . We used a more efficient isoform of miniSOG, Q103L (Xu and Chisholm, 2016) , and selectively expressed VAMP2-miniSOG(103L) in RIA. We found that the fusion protein was in the soma and the axon ( Figure 6D ). To selectively block the synaptic release from nrV or nrD, we focused the blue light illumination on either one of the two domains and quantified the average angle of the head undulations during sinusoidal movements in the operated animals (STAR Methods). We found that selectively blocking the synaptic release of nrV produced head undulations that were biased toward the ventral side of the operated worms and generated trajectories that curved toward the ventral direction; conversely, selectively blocking the synaptic release of nrD produced head undulations that were biased toward the dorsal side of the operated worms and generated trajectories that curved toward the dorsal direction. In contrast, the control animals that expressed an untagged miniSOG(103L) in RIA and went through the same handling showed no detectable bias in the dorsal or the ventral direction ( Figures 6E and 6F) . Together, our results indicate that the weaker activity of nrV compared to nrD, resulting from integrating the information of ventrally located IAA and the state of the head undulations, generates the biases toward the ventral direction in the locomotory trajectories, and that the weaker activity of nrD compared to nrV, resulting from integrating the information of dorsally located IAA and the state of the head undulations, generates the biases toward the dorsal direction in the locomotory trajectories. Thus, the sensorimotor integration in RIA directs the steering toward the odorant.
The Cholinergic Sensorimotor Integration in RIA Regulates Olfactory Steering Next, to examine the role of cholinergic neurotransmission in regulating olfactory steering, we analyzed the asymmetry between the activities of the nrV and the nrD RIA axonal domains in the gar-3(gk305) and the acc-2(ok2216) mutant animals during steering toward IAA. We found that in gar-3(gk305), although both of the RIA axonal domains showed the IAA-evoked suppression of activity ( Figure 5H ), the asymmetry between the axonal activities was completely abolished ( Figure 6G ). The defect was rescued with the selective expression of a wild-type gar-3 cDNA in RIA ( Figure 6H ). These results indicate that the asymmetry in the RIA axonal activities depends on the gar-3-mediated neurotransmission that represents the head undulations. Conversely, in acc-2(ok2216), because neither nrV nor nrD showed IAA-evoked suppression of the activity ( Figure 5J ), they did not exhibit any asymmetry between their activities ( Figure 6I ) during olfactory steering. Expressing a wild-type acc-2 cDNA selectively in RIA restored the IAA-induced asymmetry between the activities of nrV and nrD ( Figure 6J ). These results indicate that the sensory-evoked asymmetry in the RIA axonal domains during olfactory steering also requires the acc-2-mediated neurotransmission that regulates the sensory response. At the behavioral level, in comparison with wild-type, both the gar-3(gk305) and the acc-2(ok2216) mutant animals exhibited a significantly smaller navigation index ( Figures 6K and 6M ) and traveled a longer distance ( Figures 6L and 6N ) when steering toward IAA. These defects were fully rescued by expressing a wild-type (D) A sample image of an RIA neuron expressing miniSOG(103L)-VAMP2-mCherry. RIA soma and the axonal domains are denoted. A, anterior; D, dorsal. Scale bar, 10 mm. (E) Sample locomotory traces generated by animals in which the synaptic release of the nrV or the nrD domain of RIA is selectively blocked with a blue-light illumination of a miniSOG(103L)-VAMP2-mCherry fusion protein expressed in RIA and a sample trace of a control animal that expresses miniSOG(103L)-mCherry in RIA. Ventral or dorsal side of the animal is denoted and arrows denote movement directions. (F) Mean angle of the head undulations generated by animals in which the synaptic release of nrV (n = 10 and 7 animals for experiment and control, respectively) or nrD (n = 7 and 6 animals for experiment and control, respectively) domain of RIA is selectively blocked. Ventral direction is positive. Student's t test, *p < 0.05. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers.
(G and H) Mutating gar-3 abolishes the asymmetry between the GCaMP3 signals of nrV and nrD during olfactory steering toward IAA regardless of the location of IAA (G; n = 9 animals IAA on ventral side; n = 8 animals IAA on dorsal side), and expressing a wild-type gar-3 cDNA selectively in RIA rescues the defect (H; n = 14 animals IAA on ventral side; n = 11 animals IAA on dorsal side).
(I and J) Mutating acc-2 abolishes the asymmetry between the GCaMP5 signals of nrV and nrD during olfactory steering toward IAA regardless of the location of IAA (I; n = 13 animals IAA on ventral side; n = 11 animals IAA on dorsal side), and the defect is rescued by expressing a wild-type acc-2 cDNA selectively in RIA (J; n = 15 animals IAA on ventral side; n = 11 animals IAA on dorsal side). In (B), (C), and (G)-(J), F min is the minimal intensity of GCaMP3 or GCaMP5 for each worm; DF indicates F À F min . The GCaMP signals of nrV and nrD over each complete head undulation (for nrV, from the maximal dorsal position to the maximal ventral positon and back to the maximal dorsal position; for nrD, from the maximal ventral position to the maximal dorsal positon and back to the maximal ventral position) are measured and the averages for all the head undulations made by each worm are generated, which are used to generate mean and SEM, represented by solid lines and shades, respectively, for multiple worms. Kolmogorov-Smirnov test (MATLAB) is used to compare the mean values, ***p < 0.001, **p < 0.01; N.S., not significant.
(K-N) The navigation index for gar-3(gk305) (K) or acc-2(ok2216) (M) mutants is significantly smaller than that for wild-type when steering toward IAA, and the defects are rescued by expressing a wild-type gar-3 cDNA or a wild-type acc-2 cDNA selectively in RIA in the respective mutant animals (K and M); meanwhile, the distance traveled by gar-3(gk305) animals (L) or acc-2(ok2216) animals (N) before reaching IAA is significantly longer than wild-type, and the defects are rescued by expressing a wild-type gar-3 cDNA or a wild-type acc-2 cDNA selectively in RIA in the respective mutant animals (L and N). n = 61 (wild-type), 59 (gar-3 mutant), and 40 (gar-3; RIA::gar-3 transgenic) animals (K and L); n = 35 (wild-type), 43 (acc-2 mutant), and 41 (acc-2; RIA::acc-2 transgenic) animals (M and N). One-way ANOVA, ***p < 0.001, **p < 0.01, *p < 0.05; N.S., not significant. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. See also Figure S4 .
gar-3 cDNA or a wild-type acc-2 cDNA selectively in RIA in the respective mutant animals ( Figures 6K-6N) . Together, our results show that two different types of cholinergic neurotransmission independently encode the sensory response and the motor state of the animal in the axon of RIA and that the integration of these two signals transforms the spatial information of the attractive odorant into the asymmetry between the activities of the RIA axonal domains, resulting in the biased locomotory trajectory toward the odorant ( Figure S4 ).
Aversive Olfactory Training Modulates RIA Sensorimotor Integration and Olfactory Steering
Our previous studies show that C. elegans learns to reduce its preference to the smell of pathogenic bacteria, such as the Pseudomonas aeruginosa strain PA14, after feeding on the pathogen for a few hours at the adult stage. This form of aversive learning depends on a serotonin signal, which is demonstrated by the loss of learning in mutants defective in serotonin production, and the function of the interneuron RIA is required to generate the learned preference (Ha et al., 2010; Jin et al., 2016; Zhang et al., 2005 ; Figure S5 ). We quantified the GCaMP signal of the RIA axonal domains in naive animals that were cultivated under the standard condition and the animals that were trained with PA14 for 6 hr during the adult stage. We stimulated the animals with 0.5 Hz pulses of the supernatant of an overnight culture of PA14 or OP50. We found that the nrV and the nrD axonal domains in the naive and the trained animals generated synchronous responses to the oscillatory stimulations of PA14 or OP50 (Figures 7A-7D ). The average GCaMP signals in the RIA axonal domains were weaker in the trained animals than in the naive animals in response to both PA14 and OP50; however, the amplitude of the 0.5 Hz peak identified by the Fourier transform of the GCaMP signals of nrV and nrD was significantly smaller in the trained animals than in the naive animals only when the animals were stimulated with the supernatant of PA14 culture ( Figures 7A-7F ). The amplitudes of the 0.5 Hz peak in the Fourier transforms of the axonal GCaMP signals evoked by 0.5 Hz pulses of the culture supernatant of the E. coli strain OP50, the standard food for the worm, were comparable in the naive and the trained animals ( Figures 7C-7F ). These results demonstrate that aversive training with PA14 modulates the sensory-evoked synchronous response of RIA in a way that is specific to the training experience. Our findings together predict that a decreased sensory response of RIA to PA14 in trained animals, represented by a decreased amplitude of the 0.5 Hz peak identified by the Fourier transform of the axonal GCaMP signals, would weaken the asymmetry in the axonal activities and, thus, result in a reduced bias in the steering trajectory toward PA14. We found that when steering toward a drop of the supernatant from a PA14 culture, the PA14-trained animals displayed a reduced navigation index and traveled a longer distance before reaching PA14 compared with naive animals (Figures 7G and 7H) . In contrast, the PA14-trained animals steered toward OP50 similarly to the naive animals ( Figures 7I and 7J) . Together, these results demonstrate that the sensorimotor integration in the RIA axonal domains is a dynamic process that can be modulated by experience or context to generate specific changes in the steering movements.
DISCUSSION

C. elegans Performs Sensorimotor Integration to Regulate Olfactory Steering
During goal-directed locomotion, many animals probe the environment with sampling movements, during which interaction between the sensory and motor systems directs the locomotion toward the cue. C. elegans moves forward on a solid substrate by making undulatory body movements on the dorsal-ventral plane (Wen et al., 2012) . With the undulatory movements, one behavioral strategy that C. elegans uses to approach attractive odorants and salts is to steer toward the chemicals by making a curved trajectory (Albrecht and Bargmann, 2011; Iino and Yoshida, 2009; Izquierdo and Lockery, 2010; Pierce-Shimomura et al., 1999) . During steering, the oscillatory body movement allows the head of the worm, and the sensory neurons located in the head, to sample the space spanned by the head undulations. This form of active sensing leads to an oscillation in the concentration of the odorant sampled by the worm (Kato et al., 2014) . Here, we show that C. elegans performs sensorimotor integration to regulate steering toward attractive odorants. The sensorimotor integration is achieved by the suppression of the motor-encoding activity of the axonal domains of the interneuron RIA by the sensory-encoding activity of the same domains. The motor activity derives from the motor system that regulates head undulations and represents the amplitude and the dorsal-ventral direction of the head undulations, while the sensory-evoked activity represents the response to the odorant. Thus, by integrating these two types of activities RIA signals whether the odorant is on the ventral side or the dorsal side of the animal, which is represented by a stronger sensory-evoked suppression of the axonal activities during the ventral or the dorsal head undulations, respectively. As a consequence, the nrV domain displays a weaker activity than nrD when a worm steers toward ventrally located IAA and the nrD domain displays a weaker activity than nrV when a worm steers toward dorsally located IAA. Disrupting either the sensory or the motor component of the RIA axonal activity disrupts the sensorimotor integration and weakens the steering performance. We further demonstrate that the asymmetry between the synaptic outputs of the nrV and the nrD domains, which can be generated by the asymmetry between the activities of these two domains, biases the locomotory trajectory in such way that the undulatory movements bias toward the ventral side when nrV activity is weaker and the undulatory movements bias toward the dorsal side when nrD activity is weaker ( Figure S4 ). Thus, our results uncover, at the molecular, neuronal, circuit, and behavioral levels, how the sensory and the motor signals interact to decode the information of the sensory cue and to modulate the ongoing movements in order to reach a sensory-defined goal.
Cholinergic Neurotransmission Encodes Sensory and Motor Information to Regulate Sensorimotor Integration
The connectome of the C. elegans nervous system (White et al., 1986) allows us to identify the sensory neural circuit that responds to rapid olfactory stimulations and transmits the sensory information to the site of integration through an acetylcholinegated chloride channel. Meanwhile, a muscarinic acetylcholine receptor acts in the central integrating site to receive the (G-J) Animals trained with PA14 display a decreased navigation index (G) and a longer traveling distance (H) when steering toward the supernatant of PA14 in comparison with naive animals (G and H; n = 29 naive animals, n = 25 trained animals), but display a navigation index (I) and a traveling distance (J) that are similar to those in naive animals when steering toward the supernatant of OP50 (I and J; n = 41 naive animals, n = 46 trained animals).
In (E)-(J), Student's t test, ***p < 0.001, **p < 0.01; N.S., not significant. The boxplots show the first quartile, median, and third quartile; the whiskers extend to the data points that are equal to or less than 1.5 IQR away from the first or the third quartile; dots are outliers. See also Figure S5 .
information of head undulations from the motor system. We further show that the integrating axonal domains send synaptic outputs to bias the ongoing head undulations. Thus, using a system that is dissectible at the level of neural circuits and the underlying molecular machinery, our study reveals a compact cholinergic network that integrates the ongoing motor state with sensory processing to mediate behavioral decisions during active exploration. These findings expand our understanding of the diverse function of the cholinergic signals in the nervous systems that have evolved through different pathways. For example, in the mammalian central nervous system, the basal forebrain cholinergic terminals in the prefrontal cortex can respond to sensory cues (Howe et al., 2013; Parikh et al., 2007) , while the basal forebrain cholinergic inputs to various sensory cortices are able to carry motor information (Eggermann et al., 2014; Fu et al., 2014; Lee et al., 2014; Nelson and Mooney, 2016) . We speculate that the wide range of the brain regions innervated by the central cholinergic system and various temporal dynamics of the cholinergic signals enabled by multiple acetylcholine-gated channels and receptors subserve the function of the cholinergic system in encoding different types of sensory and motor information.
Sensorimotor Integration Generates Adaptive Behavioral Outputs under Various Contexts
The mature nervous system has a remarkable ability to generate behavioral outputs of adaptive values under different contexts. How the developed and hardwired neural network simultaneously encodes different behavioral outputs is not fully understood. Previous studies characterize a form of olfactory learning in C. elegans in which the worm learns to reduce the preference to the smell of a pathogenic bacterium after feeding on the pathogen for a few hours. The RIA interneuron plays a critical role in the learning paradigms (Ha et al., 2010; Jin et al., 2016) . Here, we demonstrate the function of RIA during olfactory steering in both naive and learned adult animals. We find that naive animals without RIA synaptic outputs steer toward a point source of an attractive odorant with a significantly reduced efficiency. During steering, RIA integrates the sensory information, which is collected through active sampling movements, with the motor state of the head undulations to modulate the ongoing locomotion. Meanwhile, the finding that animals without RIA synaptic outputs are still able to reach the odorant is consistent with the presence of an independent sensorimotor circuit in the wiring diagram of the worm and is consistent with previous studies that characterize different behavioral strategies for C. elegans chemotaxis (Albrecht and Bargmann, 2011; Hums et al., 2016; Iino and Yoshida, 2009; Pierce-Shimomura et al., 1999) . In addition, we show that RIA displays an experience-dependent change in the sensory response to the training bacteria. We propose that the change occurs upstream of RIA because the sensory response of RIA to the benign bacteria is not similarly altered in the trained animals. Interestingly, the experiencedependent changes in the adult-trained animals ( Figure 7 ) differ from that in animals trained during the first larval stage (Jin et al., 2016) , suggesting that the activity of RIA can be modulated differently. Thus, our findings show that through sensorimotor integration RIA transforms the changes in the sensory response into experience-dependent changes in the steering movements toward the training bacteria. Together, our results reveal sensorimotor integration as a neuronal and circuit mechanism underlying the interaction between the sensory and motor systems to regulate ongoing movements under various contexts.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: ZC1598 eat-4(ky5) III; yxIs19, ZC1744 yxIs19; yxEx902[Pttx-3::TeTx::mCherry; Punc-122::gfp] ; ZC1792 gar-3(gk305)V; yxIs19, ZC1923 gar-3(gk305)V; yxIs19; yxEx968[Pglr-3::gar-3; Punc-122::gfp] , ZC2632 yxIs19; yxIs34 ; , ZC2702 ttx-3(mg158)X; yxIs19, ZC2719 yxIs19; yxEx398 , CX16155 kyIs640 , ZC2704 acc-2(ok2216)IV; kyIs640, ZC2717 acc-2(ok2216) IV; kyIs640; yxEx1397[Pglr-3::acc-2; Punc-122::gfp] , ZC2785 yxEx1438 , ZC2786 yxEx1439 .
METHOD DETAILS Transgenes and transgenic animals
To generate Pttx-3::TeTx::mCherry, a 0.9 kb sequence upstream of the ttx-3 gene, which was expressed specifically in the interneuron AIY (Hobert et al., 1997) , was generated by polymerase chain reaction (PCR) and cloned into the pCR8 Gateway entry vector (Invitrogen) and the recombination with the destination vector pSMrfB-TeTx:mCherry (Hendricks et al., 2012) was performed with the manufacturer's guidelines. To generate Pglr-3::acc-2, the coding sequence of acc-2 was generated by PCR (forward primer 5 0 ttatg ctagcATGATATTTACTCTTTTATCAACA, reverse primer 5 0 aaccggtaccTTATCCGTCAACTCGATT) using a cDNA library and cloned into a previously generated plasmid containing the promoter region of glr-3 (Hendricks et al., 2012) . The promoter region of glr-3, which was known to be expressed specifically in the interneuron RIA (Brockie et al., 2001) , was also used to generate Pglr-3::TeTx::mCherry. To generate a destination vector of miniSOG, a pair of synthesized oligoes (MCSf 5 0 -CTAGAccgcggggggagatc tcaatgCTCGAGgggcATCGATggA and MCSr 5 0 -CCGGTccATCGATgcccCTCGAGcattgagatctccccccgcggT) containing multiple cloning sites were annealed and cloned to the XbaI and the AgeI sites of a plasmid generated by replacing the coding region of gfp of the Fire's vector pPD95.77 with a coding sequence of mCherry. The new plasmid was named as pYZ001-mCherry-MCS. A 1.18kb glr-3 promoter sequence (Brockie et al., 2001 ) flanked by SacII and BamHI sites was generated by PCR and cloned into pYZ001-mCherry-MCS to generate Pglr-3::mCherry. The miniSOG-vamp2 fragment from the pCR8-miniSOG-vamp2-Citrine plasmid (a gift from John Y. Lin from Lin et al., 2013) (Xu and Chisholm, 2016 ) (forward primer 5 0 CATCGG AGTGCTGCTGGATGG, reverse primer 5 0 AAATACTGGAGCTCACCC) following the manufacturer's instruction. The transgenes were injected at 50 ng/ml unless otherwise specified with Punc-122::gfp or Punc-122::dsRed or Pelt-2::gfp as a co-injection marker as previously described (Mello et al., 1991) .
Calcium imaging
Calcium imaging with a microfluidic device ) was performed essentially as described (Hendricks et al., 2012) . The fluidic chips were cast using Polydimethylsiloxane and bound to glass coverslips by using a corona treater (Electro-Technic Products, Chicago, IL). The fluidic streams were controlled by an Automate Scientific Valvebank perfusion system (Berkeley, CA). Fluorescence time-lapse imaging was performed on a 40x oil-immersion objective on a confocal Nikon Eclipse Ti-E inverted microscope with an ANODR iXon Ultra EMCCD camera at 5 frames second -1 . Image analysis was performed with NIH ImageJ. Briefly, the axonal domains of RIA or other regions of interest (ROI) were manually tracked using ImageJ plugin Manual Tracking to calculate the fluorescence intensity of ROI. The amplitude of head bending was measured with ImageJ. The images were binarized by defining background as 0 and worm as 1. A ROI containing the head was selected and fit to an ellipse. The position where the head and body formed a straight line was defined as the zero degree head bending. The angle between the major axis of an ellipse and the zero degree head bending was the angle of head bending. Ventral direction was positive. Calcium imaging on freely moving animals were performed on animals that moved on a thin layer of nematode growth medium (1mM CaCl2, 1mM MgSO4, 25mM KPO4 pH6.0, 1.6% Agar) on a cover glass under a 10x objective at 10 frames second -1 . The movement of the animal was followed by manually adjusting the position of the XY stage. The images were analyzed using ImageJ, MATLAB, and LabVIEW (National Instruments) scripts (Methods S1). To analyze the fluorescence intensity, the ROI center of each axonal domain was manually tracked using ImageJ plugin Manual Tracking to calculate the fluorescence intensity of ROI. Control experiments for potential effects of movement were performed on transgenic animals that expressed the green fluorescent protein (GFP) specifically in RIA and on transgenic animals that expressed both GCaMP3 and mCherry in RIA ( Figure 5 ). The factors that aid to minimize the potential movement effects include the small size of ROI, the anatomical position of ROI being relatively central to the head of the worm, and the large dynamic range of the GCaMP3 or GCaMP5 signals. To measure the amplitude of head undulations, images were binarized by defining the background as 0 and worm as 1, and skeletonized. The skeletonized images were used to measure head undulations with a customized code (Methods S1). The skeletonized line representing a worm was segmented and anterior segments were used to quantify the amplitude of the head undulation.
Olfactory steering Locomotion during olfactory steering or in the absence of olfactory cues was recorded on animals moving on a nematode growth medium plate with a Grasshopper3-GS3-U3-120S6M-C camera (FLIR Integrated Imaging Solutions). Under our experimental conditions, the dorsal-ventral undulation occurs at around 0.5 Hz. We recorded locomotory trajectories at 7 frames second -1 . Young adult animals cultivated under the standard condition crawled on an empty NGM plate briefly before being transferred onto a new NGM plate for recording. A drop of 10 ml isoamyl alcohol at specified concentration or 10 ml supernatant of a freshly prepared bacterial culture was used as the odorant source. Bacteria supernatant was prepared by cultivating the E. coli strain OP50 or the Pseudomonas aeruginosa strain PA14 overnight at 24 C in NGM medium. The worm was initially placed at a position 1.5 cm away from the center of the odorant drop, unless otherwise specified. Recording started a few seconds after the worm was placed on the plate and ended when the worm reached the edge of the drop. Therefore, the traveling distance could be shorter than 1.5 cm. Images were analyzed with the WormLab System (MBF Bioscience). Briefly, to analyze the steering movement, a worm was treated as a point, and the line between two consecutive points was used to define the current direction. The curving angle was determined as previously described (Iino and Yoshida, 2009; Kato et al., 2014) and illustrated in Figure S1 . The navigation index was defined and analyzed as previously described (Luo et al., 2014) and as illustrated in Figure 1 . The head undulations were identified and measured with the WormLab System (http://www.mbfbioscience.com/wormlab-imaging-system).
Light-induced inactivation with miniSOG Light-induced inactivation using the miniSOG(103L) fusion protein was performed on an Olympus FV1000MPE microscope under a 20x 1.00 N.A. water immersion objective. Adult transgenic animals expressing Pglr-3::miniSOG(103L)-VAMP2-mCherry or Pglr-3::miniSOG(103L)-mCherry (untagged control) were immobilized on a thin 5% agar pad with 20 nM sodium azide diluted in Polybead Microspheres (Polysciences). The identification of the RIA axonal domains was aided by the expression of mCherry. Axonal domains were illuminated using a 488nm laser for 6-8 minutes. After illumination, the animals were recovered under the standard cultivation condition for 5 minutes before examination of the locomotory behavior. The angles of head undulations were measured using the WormLab System (http://www.mbfbioscience.com/wormlab-imaging-system) and the ventral direction was defined as positive. The average angle of all the head undulations was determined for each worms and multiple worms were examined for each genotype.
Aversive olfactory training and learning assay
The training of adult C. elegans with the P. aeruginosa strain PA14 and the testing of olfactory learning was performed essentially as previously described (Jin et al., 2016) . The synchronized adult hermaphrodite animals were trained by feeding on PA14 for 6-10 hours, after being cultivated on the E. coli OP50 lawns. The control and the trained animals were tested on 10 cm chemotaxis assay plates (1mM CaCl2, 1mM MgSO4, 5mM KPO4 pH6.0, 1.6% Agar) that each contained two 20 ml drops of freshly prepared overnight culture of PA14 or OP50, which were diluted to optical density 600 = 1, on the opposite sides of the plate. The worms, after washing with M9 buffer, were placed in the center of the assay plate, equidistant from the two bacterial spots to test their olfactory preference between the two bacterial spots.
QUANTIFICATION AND STATISTICAL ANALYSIS
The boxplots were generated with http://shiny.chemgrid.org/boxplotr/. The statistical tests, value of n and what each n value represents, and other related measures are shown in the legend of each relevant figure. In all, *** p < 0.001, ** p < 0.01, * p < 0.05, N.S., not significant.
DATA AND SOFTWARE AVAILABILITY
Customized codes are provided in Methods S1.
